Electrochemical amperometric transducers measure electric current to detect the concentration of reagents. This study examined the mass-transfer processes in an electrochemical sensor operating in flow conditions using a numerical model. The transient physical phenomena were investigated in a realistic three-dimensional ͑3D͒ sensor model with a fixed potential of Ϫ350 mV on the electrode surface and Fe 2ϩ ions, which included diffusion, convection, and migration mass-transfer processes. Numerical simulations were used to identify the dominant physical processes for different conditions ͑inlet velocity and electrode surface potential͒. The dominant process in the cell volume is convection, with ion velocities of the order of 10 Ϫ5 m/s. However, migration is the dominant process in the vicinity of the electrode, and it determines the time interval for reaching a steady state. The realistic 3D model was compared with a simplified model that considered convection and diffusion only. Significant differences were found in the calculated normalized electric current which is equivalent to the ion concentration on the electrode, demonstrating the importance of incorporating migration in the investigation of electrochemical sensor cells. One of the main objectives in the design of sensors is fast detection of the concentration of the analyte. For that purpose, a comprehensive understanding of the mass-transport processes in the vicinity of the electrode is important. In flow cells with electrochemical electrodes, three mass-transport mechanisms exist: convection, diffusion, and migration. The relative importance of each mechanism depends on the inlet flow velocity, as well as the location in the cell. Away from the electrode, as well as away from any other wall, convection is dominant. However, in the vicinity of the electrode, diffusion and migration are dominant due to the very slow velocity as a result of the no-slip condition.
Electrochemical amperometric transducers measure the electric current on the surface of the transducer to estimate the concentration of biological or chemical reagents. Estimating the concentration value as quickly and accurately as possible is the aim of electrochemical sensors. Typical sensor cells that utilize flow to accelerate mass transfer consist of an electrochemical electrode on the base of the main cell volume and inlet and outlet tubes. Full comprehension of the performance of electrochemical sensors requires the investigation of the complex physical and chemical processes.
One of the main objectives in the design of sensors is fast detection of the concentration of the analyte. For that purpose, a comprehensive understanding of the mass-transport processes in the vicinity of the electrode is important. In flow cells with electrochemical electrodes, three mass-transport mechanisms exist: convection, diffusion, and migration. The relative importance of each mechanism depends on the inlet flow velocity, as well as the location in the cell. Away from the electrode, as well as away from any other wall, convection is dominant. However, in the vicinity of the electrode, diffusion and migration are dominant due to the very slow velocity as a result of the no-slip condition.
Although numerous experimental studies on the effect of sensor geometry and kinetics have been carried out for many purposes, numerical simulations that incorporate realistic geometry with kinetics and all the relevant mass-transfer processes occurring in the sensor are crucial for optimal design of sensors. Many of these phenomena are nonlinear and only partially understood. The flow, mass, and charge transport phenomena are represented mathematically by a set of coupled nonlinear differential equations that cannot be solved analytically for realistic cases. [1] [2] [3] [4] [5] [6] If such a numerical simulation can be obtained, the anticipated benefits include revealing of the details of the complex transport phenomena in the sensor cell, which could lead to improved designs.
Previous studies concentrated on diffusion and migration processes only that govern the surface processes in the almost stagnant layer adjacent to the electrode. Analytical solutions can be obtained only for simple one-dimensional ͑1D͒ cases of diffusive mass transport and migration of a single reacting species 1, 6, 7 or a binary electrolyte. 8 Diffusion and migration of more complicated systems were solved numerically using 1D and two-dimensional ͑2D͒ models with general kinetics. [9] [10] [11] [12] [13] These numerical studies extended the analytical solutions of binary electrolyte migration and diffusion problems into more realistic models.
Another set of simulations considered models with convection and diffusion only. These simulations investigated in detail the volume processes in the sensor cell, while they focused less on surface processes in the vicinity of the electrode. In these time-dependent simulations, a simple 2D or three-dimensional ͑3D͒ channel geometry was used. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The simulations differ in geometry, boundary conditions, and the experimental procedures that were used for comparison with the numerical results. A few of the studies [14] [15] [16] [17] 19 assumed a preknown velocity field ͑Couette flow͒ to avoid solving the flow equations. Two studies 22, 23 found a similarity between the concentration profiles and the velocity profiles in the vicinity of the electrode, assuming a high concentration of species in the cell volume. Kinetic models, reaction constants, and analyte concentrations have been discussed for different applications of biological and chemical sensors' surface reactions. [24] [25] [26] [27] [28] [29] [30] Only a few studies have implemented the combined effects of all mass-transfer processes into numerical calculations. A combination of laminar convection, diffusion, and migration in a diluted solution was solved for a 2D electrodepostion problem. 31, 32 Another study 33 developed a new numerical simulation tool, the lattice Boltzmann method, for transport phenomena, using 2D geometry of a rectangular electrode layer. Although several studies have incorporated all mass-transport phenomena into the numerical simulations, no study considered the complex combinations as well as the individual effects of each of the three mass-transfer processes ͑convection, diffusion, and migration͒ within a realistic 3D cell geometry.
The objective of this study is to analyze the influence of all mass-transfer phenomena within a small disposable electrochemical sensor operating under flow conditions. The unsteady physical phenomena are studied within a 3D realistic geometry of the sensor cell, including one reacting species on the electrode. The physical phenomena within the volume of the electrochemical sensor cell, as well as in the vicinity of the surface of the electrode, are studied in detail. The numerical simulations are also used to determine the inlet flow conditions for the optimal operation of the electrochemical sensor in various applications.
Methods
Electrochemical background.-The amperometric technique involves applying electric potential between working and reference electrodes to control the rate of transfer of the reactive species toward or away from the electrode. The variations in the rate of oxidation result in variation in the electrolytic cell current. This electric current can be measured continuously in real time. Because a linear relationship exists between the concentration and the flux of the reactive electrolyte near the electrode, the measured current correz E-mail: abboud@eng.tau.ac.il lates linearly with the concentration level. Thus, a comprehensive knowledge of the concentration distribution should be acquired. The concentration of a specific species near the electrode depends on the mass-transport phenomena in the entire sensor volume as well as the kinetics in the vicinity of the surface of the electrode. The emphasis here is on the study of the factors that affect the concentration in the vicinity of the electrode.
Mass-transfer processes.-The equations that govern the mass transport in nonstagnant electrochemical sensors are the NavierStokes equations coupled to the species conservation equations and the Poisson-Boltzmann equation.
The flow field in the sensor cell is calculated by solving the time-dependent laminar Navier-Stokes equations for an incompressible, isothermal, and Newtonian fluid. The continuity ͑mass conservation͒ equation is given by
where U (cm s Ϫ1 ) is the velocity vector. The laminar momentum conservation equation is given by
where (g cm Ϫ3 ) is the density, D/Dt is the material derivative, ٌ is the gradient operator, P (dyne cm 2 ) is the static pressure, and (g cm Ϫ1 s Ϫ1 ) is the viscosity. There are three basic modes of mass transfer relevant to the present application: diffusion, convection, and migration. The mass flux is given by the Nernst-Planck equation
where J (mol s Ϫ1 cm Ϫ2 ) is the mass flux vector, j is the species
is the gas constant, T ͑K͒ is the system temperature ͑usually the room temperature, 298 K͒, and ͑V͒ is the electrostatic potential. The first term on the right side of Eq. 3 is the contribution of diffusion, the second term is the contribution of migration, and the third is the contribution of convection.
The mass conservation equation for a species with a concentration of C j is given by
where ‫‪t‬ץ/ץ‬ is the time derivative. Substituting Eq. 3 into 4 results in the time-dependent mass conservation equation
The Poisson-Boltzmann equation is taken into the model consideration because charged ions are present in the cell volume and also because the potential distribution changes according to the migration processes. The equation considers the statistic effect of the ion distribution and the changes of the electric potential in the bulk volume of the cell as well as in the layer adjacent to the electrode. Those potential changes are conjugated to the mass conservation equation ͑Eq. 5͒. The potential function is related to the charge density q (C cm Ϫ3 ) by the Poisson equation. For a homogeneous substance
where is the dielectric permittivity (C 2 N Ϫ1 cm Ϫ2 ). For r number of species, the charge density q (C cm Ϫ3 ) is given by
where C j 0 is the bulk concentration, q e is the electronic charge, T ͑K͒ is the temperature, and k ϭ 1.38 ϫ 10 Ϫ23 (J K) is the Boltzmann constant.
From Eq. 6 and 7, the Poisson-Boltzmann equation can be obtained
Nondimensional parameters.-The governing nondimensional numbers of the mass-transfer processes in Eq. 5 can be formed by defining the following nondimensional variables
where L, , U, C n , and ⌽ are reference length, time, velocity, species concentration, and potential values, respectively. Nondimensional variables are denoted by tag. Substituting Eq. 9 into 5 results in the following dimensionless form of Eq. 5
St
Three nondimensional numbers govern the species mass-transfer processes. The first one is the Strouhal number
which indicates the ratio between unsteady and convection terms. The second nondimensional number is the Peclet mass transfer number 5 Pe m ϭ UL D ͓12͔
which indicates the ratio between convective and diffusive masstransfer terms. The third additional nondimensional number newly defined in this study, R o , indicates the ratio between convection and migration terms in the following manner
Geometry and materials.-The geometry of the sensor model is based on an existing electrochemical cell, 23 as shown in Fig. 1 . The 6 mm diam cylindrical flow cell is 2.4 mm high with a 1 mm diam electrode placed concentrically on the bottom face of the cell. The reference and working electrodes both lie within the circular geometry of the electrode and are characterized by the enforced initial potential field. Two identical pipes of 6 mm length and 1.5 mm diam are placed on top of the flow chamber. One pipe is the inlet pipe, and the other is the outlet pipe.
A . The numerical simulations used single species for investigating the effect of the migration process in the cell volume. However, under experimental conditions, the migration contribution is frequently minimized by the addition of supporting electrolytes.
Boundary and initial conditions.-At the inlet, both the inlet velocity U in and the concentration of the species (Fe 2ϩ ions͒ are specified. Usually, an inlet velocity of U in ϭ 8 ϫ 10 Ϫ6 cm s Ϫ1 was used, but its effect on the mass-transport phenomena was studied by using other values as well. The flow rate used for the simulation is relatively low; therefore, the achieved simulation time scale is very long. This inlet flow rate value was chosen for obtaining better accuracy of the comparison between the models at each time step. The inlet concentration value was set to C ϭ 10 Ϫ5 mol cm Ϫ3 in all cases. On the solid walls as well as on the electrode, a zero velocity was enforced, i.e., assuming no-slip and no-penetration conditions. On the electrode, it was assumed that the charge-transfer mechanism activates every ion that reaches it, and therefore C Fe 2ϩ ϭ 0 was specified.
The initial condition was composed of the buffer at steady flow conditions without Fe ions, i.e., C ϭ 0. The initial velocity and pressure fields were obtained by solving the steady flow equation ͑mass conservation and the Navier-Stokes equations͒ for a fluid consisting of KCl, which mimics the experimental procedure in which the KCl buffer solution is injected until a steady flow is established. Similarly, the potential equation was solved to set the initial potential field with a value of Ϫ0.35 V or 0.35 V on the electrode and zero potential on the solid walls. This potential was chosen, because it was found experimentally to be the optimal potential for the activation of the Fe 2ϩ ions.
Numerical methods.-The mesh that was employed consisted of a total of 26,000 nodes. The resolution adequacy was examined for very low Reynolds number cases. A 3D depiction of the structured mesh of the sensor cell geometry is presented in Fig. 2 . A time step of ⌬t ϭ 1 s was used.
The CFD-ACEϩ software package ͑a multiphysics computational fluid dynamics solver from CFD Research Corporation, Huntsville, AL, USA͒ was used for the numerical solution of the governing equations ͑Eq. 2, 5, and 8͒. CFD-ACEϩ uses the finitevolume approach for discretizing the differential equations. 
Results
Four cases were solved to define the relative importance of the various mass-transfer mechanisms. In the first case ͑case A͒, also referred to as the ''realistic model,'' all three mechanisms of mass transfer are included. The second case ͑case B͒ includes all three mechanisms as well, but the initial potential on the electrode is of the opposite sign (ϩ0.35 V instead of Ϫ0.35 V). This case is referred to as the ''opposite potential model.'' The next two models ͑cases C and D͒ are models that do not include all three masstransfer mechanisms. In the third model, the ''no-migration model'' ͑case C͒, migration is neglected, and in the fourth model, the ''diffusion model'' ͑case D͒, only diffusion is taken into account.
The numerical solution includes the velocity vector, pressure, electrical potential, and ion concentration in the 3D domain at each time step. The evolution of the ion concentration is of main interest because the aim of the electrochemical sensor is to estimate the inlet concentration of the ion based on the evolution of the concentration near the electrode.
To illustrate the 3D results, two representative cross sections ͑shown in Fig. 3͒ are used. One is at the symmetry plane through the inlet and outlet pipes. This section can reveal global features of the evolution of the concentration inside the flow cell volume. The other cross section is parallel to the base of the flow cell at a very short distance away from it ͑0.03 mm͒. This section is useful in examining the concentration distribution in the vicinity of the electrode. The velocity and the potential fields at steady state are presented in Fig.  4 , top and bottom, respectively. Those fields are transient during the simulation. However, note that in steady state the velocity is significant only in the center of the cell, and the potential is decreasing from the electrode to the bulk volume of the cell.
The evolution of the concentration for the two sections for the four cases solved is shown in Fig. 5 and 6 . The results are represented at four different times: 500, 1000, 1500, and 2000 s. Clearly, convection is the dominant mass-transport mechanism in the sensor volume, until the injected ion concentration reaches the vicinity of the electrode. The lack of convection in the diffusion model ͑case D͒ results in a significantly different pattern of the ion concentration distribution. The diffusion time scale is considerably longer than the convection time scale after 2000 s. The ion barely propagated toward the electrode; whereas, in the other models that also include convection, the ion reaches the electrode after less than 1000 s. The inclusion or exclusion of migration as well as the sign of the electrode potential have a significant effect on the ion concentration in the vicinity of the electrode. Neglecting migration ͑case C͒ results in higher values of the concentration near the electrode, but increases the time to steady state ͑Fig. 6͒. Reversing the sign of the potential ͑case B͒ yields the lowest concentration in the vicinity of the electrode. These lower values of concentration induce lower currents, and therefore, the sensitivity and accuracy of the measurements may be affected.
Discussion
Three nondimensional numbers govern the mass-transfer equation: the Strouhal number (St), the mass-transfer Peclet number ( Pe m ), and the new nondimensional number defined in the present study, the R o number. In the realistic case, these nondimensional numbers have the values of St ϭ 0.03, Pe m ϭ 40, and R o ϭ 3. The St value is the lowest, indicating reduced acceleration, and therefore the mass-transfer processes are close to a quasistatic condition. The Pe m value is relatively large, pointing the dominance of convective over diffusive mass transfer, even in the realistic case model with very low injection velocity (U in ). The R o number is of the order of one; therefore, in the realistic case, convection and migration processes are of the same magnitude. The electrochemical sensors estimate the inlet species concentrations based on the measurement of the current collected by the electrode. This current is proportional to the species flux integral over the electrode at each time step
where i ͑A͒ is the current, A (m 2 ) is the electrode surface area, y is the distance from the electrode, and j indicates the species. Equation 14 is based on the current equation of the flux integral on a planar electrode
where n is the number of electrons transferred and F is the faradaic constant. The local species flux on the electrode at a given time is approximated by
where C j eϩ1 (mol cm Ϫ3 ) is the concentration at a normal distance of ⌬y from the electrode ͑such as on the right section of Fig. 3͒ , and C j e (mol cm Ϫ3 ) is the concentration on the electrode. However, C j e equals zero because the surface reaction totally eliminates the Fe 2ϩ ions, which are converted to Fe 3ϩ . Therefore, the electric current is proportional to
where C j ϭ 1/A ͐C j eϩ1 dA, and, plotting the history of C j reveals the time behavior of the electric current. Figure 6 plots the time history of the normalized electric current to the electrode for the four models considered in the present study. The current is normalized by the steady-state current value of the realistic model. In the analysis of the results presented in Fig. 7 , two quantities are of interest: the time interval until steady state and the relative magnitude of the steady-state current. These two quantities directly affect the performance of the sensor, where a short time to steadystate provides a short test time. The large steady-state current improves the accuracy of the species concentration measurements. Note that the no-migration model predicts a higher steady state calculated electric current value, whereas the realistic model reaches steady state faster but with a lower value of the current. The opposite potential model reaches steady state the fastest, though with a very low value due to the rejecting potential. The diffusion model keeps a zero concentration over the simulated time period, as the species did not reach the electrode region.
The optimal design of electrochemical sensors should balance between a fast response time and a high steady-state current. Figures  5, 6 , and 7 reveal that these requirements are contradictory. It seems that the realistic model, i.e., the one with a potential value of Ϫ0.35 V, yields the best performance among the cases considered here. To further examine this issue, two additional potential magnitudes have been considered, ϭ Ϫ0.1 V and ϭ Ϫ0.6 V, i.e., a higher and a lower value than the nominal one. Figure 8 depicts the normalized electric current history for the three negative potentials simulated in the present study. Decreasing the absolute magnitude of the potential to ϭ Ϫ0.1 V doubles the time to steady state in comparison to ϭ Ϫ0.35 V, but increases the current level twice; therefore, the accuracy of the measurement may be improved. However, it seems that increasing the absolute magnitude of the potential to ϭ Ϫ0.6 V has almost no effect on the time interval to steady state, but it decreases the electric current, and therefore the accuracy of the measurement may be degraded. However, note that in real electrochemical sensors, where many ions exist, the choice of the optimal potential is usually not determined by response time or current measurement accuracy. Each ion has a certain potential magnitude that maximizes its reaction with the electrode. For example, it was found experimentally that Fe 2ϩ has the best response to a potential of ϭ Ϫ0.35 V. The present simulations confirm that this potential value is also optimal with respect to test time and the accuracy of the electric current measurement.
Ignoring the mass transport due to migration introduces an error in the calculation of the species concentration flux on the electrode. Figure 9 plots the history of the relative error of the electric current as a result of ignoring migration. The relative error in percentage is calculated as ϭ ( ī no-migration model Ϫ ī realistic model )/ ī realistic model . Except for the very initial phases, the relative error increases in time up to a steady-state level of a maximal error of 210%, showing that migration should not be neglected while a nonzero potential is enforced.
In conclusion, a realistic model that includes convection, migration, and diffusion is presented. An approximate model of convection and diffusion only, as examined in previous studies, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] cannot give a full description of the mass-transport processes in the bulk volume of the sensor as well as in the layer adjacent to the electrode. Models that included migration and diffusion were presented in a redundant case of only the layer adjacent to the electrode. [9] [10] [11] [12] [13] Those models did not consider in their calculations the entire electrochemical cell volume. Therefore, it is important to include the migration process in a model of a complete sensor cell, as neglecting it may result in a significant error. 
